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ABSTRACT: The angular dependence of ionization by linear and
circularly polarized light has been examined for N2, NH3, H2O,
CO2, CH2O, pyrazine, methyloxirane, and vinyloxirane. Time-
dependent configuration interaction with single excitations and a
complex absorbing potential was used to simulate ionization by a
seven cycle 800 nm cosine squared pulse with intensities ranging
from 0.56 × 1014 to 5.05 × 1014 W cm−2. The shapes of the
ionization yield for linearly polarized light can be understood
primarily in terms of the nodal structure of the highest occupied
orbitals. Depending on the orbital energies, ionization from lower-
lying orbitals may also make significant contributions to the
shapes. The shapes of the ionization yield for circularly polarized light can be readily explained in terms of the shapes for linearly
polarized light. Averaging the results for linear polarization over orientations perpendicular to the direction of propagation yields
shapes that are in very good agreement with direct calculations of the ionization yield by circularly polarized light.

■ INTRODUCTION

Electron dynamics plays a fundamental role in the interaction
of matter with very short, intense laser pulses.1−3 The angular
dependence of ionization in the barrier suppression regime and
in the tunneling regime depends on electron dynamics on an
attosecond and femtosecond time scale. The ionization rates for
N2 and CO differ significantly when the polarization of the laser
field is aligned parallel versus perpendicular to the molecular
axis.4,5 Angle-dependent ionization yields have been observed
for CO2, butadiene, and some larger polyatomics.6−10 High
harmonic generation (HHG) spectra can also yield information
about the dependence of electron dynamics on the orientation
of the molecule in the laser field. HHG data and orbital
tomography can be used to reconstruct the shape of the highest
occupied molecular orbital (HOMO).11 Circularly polarized
light can lead to significantly different dynamics than linearly
polarized light. For example, HHG and nonsequential double
ionization are suppressed as the ellipticity of the laser pulse is
changed from linear to circular. Attosecond angular streaking
employing elliptically polarized light has been used to measure
ionization delay with an accuracy of tens of attoseconds.12

Currently, there is great interest in applying the angular
streaking method to molecular systems to observe attosecond
electronic dynamics.13 This will require theoretical methods
that can properly and efficiency model the angular-dependent
ionization of molecules by circularly polarized light. In the
present work, we compare the angular dependence of ion-
ization by short, intense pulses of linear and circularly polarized
light.
The nodal structure of the molecular orbitals provides a

qualitative description of the angular dependence of ionization

for simple molecules. A better description of ionization in the
tunneling regime can be obtained with molecular Ammosov−
Delone−Krainov (ADK) theory.14,15 More quantitative de-
scriptions of HHG spectra and the angular dependence of ion-
ization are provided by solving the time-dependent Schrödinger
equation (TDSE) using approximations such as single active
electron, quantitative rescattering theory, time-dependent
resolution in ionic states, time-dependent analytical R-matrix,
and time-dependent generalized active space configuration
interaction.16−20 In previous studies, we have used a time-
dependent configuration interaction (TDCI) approach with
atom-centered basis functions and a complex absorbing
potential (CAP) to examine the angular dependence of
strong-field ionization by linearly polarized light for N2, O2,
CO2, and CH2O, a set of polyenes, a series of second and third
period hydrides, and various triply bonded systems.21−24 In this
study, we examine the angular dependence of ionization of N2,
NH3, H2O, CO2, CH2O, pyrazine, methyloxirane, and vinyl-
oxirane by linear and circularly polarized light. We find that
the shapes of the frontier orbitals govern the shapes of the
ionization yields for linearly polarized light. In turn, the
dependence of the ionization on the direction of propagation
for circularly polarized light is in good agreement with the
results from linearly polarized light averaged over directions
perpendicular to the direction of propagation.
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■ METHODS

The electron dynamics were simulated by solving the TDSE

μ∂
∂

Ψ = ̂ − ⎯→̂· ⃗ − ̂ Ψ
t

t H E t V ti ( ) [ ( ) i ] ( )el el
absorb

el (1)

where Ĥel is the field-free electronic Hamiltonian. The inter-
action between electron and light is modeled using the semi-

classical dipole approximation, where μ⎯→ ̂ is the dipole operator
and E⃗ is the electric field component of the laser pulse. A CAP,
−iV̂absorb, is used to model ionization as described in our

previous papers.21−25 The absorbing potential is constructed
from a set of overlapping spherical potentials centered around
each atom, as shown in Figure 1a. The total absorbing potential
for the molecule is equal to the minimum of the values of the
atomic absorbing potentials. Each spherical potential begins
at 3.5 times the van der Waals radius of each element (RH =
5.051 Å, RC = 6.739 Å, RN = 6.405 Å, RO = 6.125 Å); after a
quadratic start, it rises linearly to a quadratic turnover to con-
stant value of 10 hartree at approximately R + 50 Å. For many
of the small molecules in this study, the CAP is nearly spherical
(Figure 1b).

Figure 1. CAP for formaldehyde, (a) made up of the union of spheres of radii RH, RO, and RC centered on each atom; (b) three-dimensional shape of
the CAP for formaldehyde, the orange surface depicting the beginning of the CAP and the purple surface at the radius where the CAP has risen to
approximately 1.5 au.

Figure 2. Angular-dependent ionization yield of N2 for (a) linearly polarized light, (b) circular polarized light estimated from linearly polarized
light, and (c) circularly polarized light at an intensity of 1.95 × 1014 W cm−2; (d) doubly degenerate HOMO, (e) HOMO−1, and (f) HOMO−2;
(g) orbital populations as a function of field strength for circularly polarized light propagating along the x, y, and z axes: HOMO (red and
green), HOMO−1 (blue), and HOMO−2 (purple); the final norm of the neutral wave function as a function of field strength (dashed black,
right axis).
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The electric field for a circularly polarized cosine squared
pulse is given by
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where e1⃗ and e2⃗ are mutually orthogonal unit vectors that are
perpendicular to the direction of propagation of the pulse.
The time-dependent wave function is expanded in the basis

of the Hartree−Fock ground state and all singly excited states
of the field-free, time-independent Hamiltonian.
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A Trotter factorization of the exponential of the Hamiltonian is
used to propagate the time-dependent wave function
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where W1D1W1
T = d1 and W2D2W2

T = d2 are the eigenvalues
and eigenvectors of the transition dipole matrices D1 and D2 in

the e1⃗ and e2⃗ directions. W1, W2, d1, d2, exp(−iHelΔt/2), and
exp(−VabsorbΔt/2) need to be calculated only once because
they are time-independent. The propagation for circular
polarized light involves the exponential of two diagonal
matrices, d1 and d2, and four matrix−vector multiplies. For
linearly polarized light, the W2 and d2 factors are omitted and
the propagation involves only two matrix−vector multiplies.
A time step of Δt = 0.05 au (1.2 as) was used. Reducing the
time step by a factor of 2 changed the norm at the end of the
pulse by less than 0.01% for formaldehyde with a field strength
of 0.06 au. Interchanging the dipole-dependent terms in the
Trotter factorization changed the norm at the end of the pulse
by less than 0.5% for Δt = 0.05 au and 0.5% for Δt = 0.025 au.
The electronic structure calculations necessary for the

TDCIS simulations were carried out using a modified version
of the Gaussian software package.26 The Dunning aug-cc-pVTZ
basis set27,28 was augmented with a basis of extra diffused func-
tions for adequate interaction with the CAP. This additional
basis consisted of nine sets of diffuse Gaussian functions on
each atom (including hydrogen): three s functions (with expo-
nents 0.0256, 0.0128, and 0.0064), two sets of p functions
(0.0256 and 0.0128), three sets of d functions (0.0512, 0.0256,
and 0.0128), and one set of f functions (0.0256). Additional
details of the development and validation of this absorbing basis
can be found in ref 25.
The simulations used a seven cycle pulse with a frequency of

0.057Eh/ℏ (800 nm) and ϕ = π. The system was propagated
for a total of 800ℏ/Eh (19.4 fs) with intensities ranging from
0.56 × 1014 to 5.05 × 1014 W cm−2 (electric field strengths from
0.04 to 0.12 au). The ionization potentials for the molecules

Figure 3. Angular-dependent ionization yield of NH3 for (a) linearly polarized light, (b) circular polarized light estimated from linearly polarized
light, and (c) circularly polarized light at an intensity of 1.44 × 1014 W cm−2; (d) HOMO, (e) the doubly degenerate HOMO−1, and (f) HOMO−2;
(g) orbital populations as a function of field strength for circularly polarized light propagating along the x, y, and z axes: HOMO (red), HOMO−1
(green and blue), and HOMO−2 (purple); the final norm of the neutral wave function as a function of field strength (dashed black, right axis).
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considered in this study range from 0.35 to 0.57 au, and ion-
ization at these intensities occurs primarily by barrier sup-
pression as opposed to tunneling. When the field returns to
zero after the pulse, the loss of norm is taken as the ionization
yield for that pulse. Varying the direction of propagation and
polarization of the pulse for a given Emax results in a three-
dimensional surface that is interpreted as the angle-dependent
ionization rate. The spherical angles θ and ϕ were changed in
steps of 30° for a total of 62 points for each Emax. To obtain
smooth surfaces for plotting, ionization yields were fitted to
polynomials in cos(θ)n cos(mφ) and cos(θ)n sin(mφ), n = 0−7,
m = 0−6.

■ RESULTS AND DISCUSSION

Figures 2−9 show the angular-dependent ionization yields for
N2, NH3, H2O, CO2, CH2O, pyrazine (C4N2H4), methyloxirane
(C3H6O), and vinyloxirane (C4H6O), respectively. The ioniza-
tion yield is taken as the decrease in the norm of the wave
function after the pulse and is plotted as the distance from the
origin as a function of the angle of polarization of the light for
linearly polarized light and as a function of the direction of
propagation of light for circularly polarized light. An estimate
of the angular dependence of ionization by circularly polarized
light was also obtained by averaging the ionization yield for
linearly polarized light for 0−360° around the direction of
propagation for circularly polarized light.
The angular-dependent ionization yield of N2 with linearly

polarized light resembles a prolate ellipsoid (Figure 2a) and can
be understood in terms of the frontier molecular orbitals shown
(Figure 2d−f). The doubly degenerate π-bonding HOMO and

the symmetric σ lone pair HOMO−1 are very close in energy
and contribute nearly equally to the ionization yield; the anti-
symmetric σ lone pair HOMO−2 is lower in energy and
contributes much less. An approximation to the ionization yield
with circularly polarized light can be obtained by averaging the
linearly polarized results around the direction of propagation.
The result at this field strength is nearly spherical (Figure 2b),
which is in very good agreement with the direct calculation of
the ionization yield with circularly polarized light shown in
Figure 2c. The contributions of the orbitals to the ionization
yield for circularly polarized light propagating in the x, y, and z
directions are shown in Figure 2g. Using the Cartesian repre-
sentation for the π orbitals, one of the HOMOs and the
HOMO−1 are the largest contributors for the x and y direc-
tions. The doubly degenerate HOMO is the main contributor
for circularly polarized light directed along the molecular axis
(z direction).
The results for the angular-dependent ionization of NH3 are

shown in Figure 3. The HOMO is an sp3 lone pair and is the
dominant contributor to ionization; the doubly degenerate
HOMO−1 and HOMO−2 are formed from the N−H bonding
orbitals (Figure 3e,f). For linearly polarized light, ionization is
dominated by the HOMO and has a minimum in the xy plane
where the HOMO has a node (Figure 3a). When the linearly
polarized results are averaged around the direction of prop-
agation to obtain an approximation for ionization by circularly
polarized light, the minimum in the xy plane produces a
minimum along the z direction (Figure 3b). The same feature is
seen in the direct calculation of ionization by circularly polarized
light (Figure 3c), along with a slight hexagonal deformation

Figure 4. Angular-dependent ionization yield of H2O for (a) linearly polarized light, (b) circular polarized light estimated from linearly polarized light, and
(c) circularly polarized light at an intensity of 1.95 × 1014 W cm−2; (d) HOMO, (e) HOMO−1, (f) HOMO−2, and (g) HOMO−3; (h) orbital
populations as a function of field strength for circularly polarized light propagating along the x, y, and z axes: HOMO (red), HOMO−1 (green),
HOMO−2 (blue), and HOMO−3 (purple); the final norm of the neutral wave function as a function of field strength (dashed black, right axis).
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arising from HOMO−1 and HOMO−2. Figure 3g shows that
the HOMO dominates the ionization yield from circularly
polarized light propagating in the x and y directions. For
circularly polarized light propagating in the z direction (i.e.,
when the electric field is rotating in the xy plane), the con-
tribution of the HOMO is somewhat diminished because of the
node in the xy plane. HOMO−1 and HOMO−2 make a signif-
icant contribution in the z direction but not in the x and y
directions.
The results found for H2O (Figure 4) are similar to those for

NH3. The angular dependence of ionization is dominated by
the π lone pair HOMO. As shown in Figure 4a for linearly
polarized light, this yields a minimum in the plane of the
molecule. When an approximation for circularly polarized light
is obtained by averaging the linear polarization results around
the direction of propagation, this produces in a minimum for
directions perpendicular to the molecular plane (Figure 4b).
This shape is in good agreement with the direct calculation of
the ionization yield with circularly polarized light shown in
Figure 4c. For circularly polarized light propagating in the z
direction, ionization occurs mostly from the HOMO (Figure 4h).
Because the HOMO has a node perpendicular to the x axis,
HOMO−1 is the main contributor to ionization in the x
direction.
Figure 5 contains the results for angle-dependent ionization

of CO2. The high symmetry of the molecule and the MOs leads
to a cylindrically symmetrical ionization surface. The HOMO is
doubly degenerate and has nodes parallel and perpendicular to
the molecular axis (Figure 5d). As a result, the ionization by

linearly polarized light has a minimum along the molecular axis
and a narrower waist in the xy plane (Figure 5a). When the
results for linear polarization are averaged around the direction
of propagation as an approximation to the angular dependence
for circularly polarized light, the minimum in the xy plane leads
to a small dimple along the z axis (Figure 5b). The direct cal-
culation by circularly polarized light (Figure 5c) shows a larger
dimple along the z axis and a slight narrowing at the waist in
the xy plane. For propagation of circularly polarized light in the
x and y directions, the doubly degenerate HOMO makes the
biggest contribution. For higher field strengths in the z direc-
tion, HOMO and HOMO−1 make nearly equal contributions.
Even though CO2 and N2 are both linear molecules, the nodal
structure of the highest occupied orbitals results in distinctly
different shapes for the angular dependence of ionization.
The strong field ionization results for CH2O are presented in

Figure 6. The HOMO is the dominant contributor to ion-
ization and is the out-of-phase combination of the in-plane
oxygen lone pair and the C−H bonds (Figure 6d). HOMO−1
is the CO π bond (Figure 6e), and HOMO−2 is the oxygen
σ lone pair interacting with the C−H bonds (Figure 6f). As is
evident in Figure 6a, the nodal structure of the HOMO
accounts for the shape of the ionization yield with linearly
polarized light. Averaging the results for linearly polarized light
yields a shape (Figure 6b) that is in good agreement with the
direct calculation of ionization by circularly polarized light
(Figure 6c). The dimple in the z direction is due to the node in
the HOMO in the xy plane, and the dimple in the y direction
is due to the node in the xz plane. Because the lobes of the

Figure 5. Angular-dependent ionization yield of CO2 for (a) linearly polarized light, (b) circular polarized light estimated from linearly
polarized light, and (c) circularly polarized light at an intensity of 1.95 × 1014 W cm−2; (d) the doubly degenerate HOMO and (e) doubly degenerate
HOMO−1; (f) orbital populations as a function of field strength for circularly polarized light propagating along the x, y, and z axes: HOMO
(red and green) and HOMO−1 (blue and purple); the final norm of the neutral wave function as a function of field strength (dashed black, right
axis).
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HOMO are in the yz plane, ionization by circularly polarized
light is a maximum in the x direction (i.e., when the electric
vector rotates in the yz plane). For circularly polarized light
propagating in the y and z directions (Figure 6e), HOMO−1
makes a significant contribute to ionization because it does not
have nodes in the xz and xy planes, respectively.
We have chosen pyrazine to illustrate that understanding

gleaned from the small molecules also carries over to somewhat
larger systems (Figure 7). The HOMO is a π orbital with a
node in the plane of the molecule and another node through
the two nitrogens and perpendicular to the molecular plane
(Figure 7d). HOMO−1 and HOMO−3 are the in-phase and
out-of-phase nitrogen lone pairs (Figure 7e,g), and HOMO−2
contains the nitrogen pπ orbitals (Figure 7f). Because HOMO−1,
HOMO−2, and HOMO−3 are significantly lower in energy
than HOMO, the shape of the ionization yield for linearly
polarized light is dominated by the nodal structure of the
HOMO (Figure 7a). The overall shape is similar to that of
CH2O but is oriented perpendicular to the molecular plane.
Averaging the linearly polarization results around the propa-
gation direction yields a shape (Figure 7b) that is in very good
agreement with the direct calculation of ionization yield for
circularly polarized light (Figure 7c). The dimples in the x and y
directions for circularly polarized light are due to the minima in
the yz and xz planes, respectively, for linearly polarized light. The
HOMO is the main contributor in the z direction (Figure 7h),
but HOMO−1 and HOMO−3 are significant contributors in the
z direction.

Figure 8 shows the angle-dependent ionization for chi-
ral molecule methyloxirane. Just as the structures for R- and
S-methyloxirane are mirror images, so too are the angle
dependence of the ionization yield (Figure 8a,b). Right and left
circularly polarized light give essentially the same results
[Figure 8 panel (a) vs (c) and panel (b) vs (d)]. The difference
in the absorption of right and left circularly polarized light at
800 nm is very small for methyloxirane because this wavelength
is far from lowest excitation. The ionization yields for vinyl-
oxirane are shown in Figure 9. The results for R- and S-vinyl-
oxirane are also mirror images. Whereas the oxygen is the main
contributor to ionization in methyloxirane, the double bond is
the main component of the highest occupied orbital and the
dominant contributor to the ionization yield.

■ SUMMARY
The present study has examined the angular dependence of
ionization by linear and circularly polarized light for a series of
small molecules. The calculations used time-dependent con-
figuration interaction with single excitations and a CAP. The
simulations were carried out with a seven cycle 800 nm cosine
squared pulse and intensities ranging from 0.56 × 1014 to
5.05 × 1014 W cm−2. The angular dependence of ionization
was examined for N2, NH3, H2O, CO2, CH2O, pyrazine,
methyloxirane, and vinyloxirane. These molecules provide an
assortment of molecular structures, bonding motifs, and nodal
patterns of the frontier orbitals. For linearly polarized light, the
shape of the ionization yield as a function of the polariza-
tion direction of the laser pulse can be readily understood in

Figure 6. Angular-dependent ionization yield of CH2O for (a) linearly polarized light, (b) circular polarized light estimated from linearly polarized
light, and (c) circularly polarized light at an intensity of 1.44 × 1014 W cm−2; (d) HOMO, (e) HOMO−1, (f) HOMO−2, and (g) HOMO−3;
(h) orbital populations as a function of field strength for circularly polarized light propagating along the x, y, and z axes: HOMO (red), HOMO−1
(green), HOMO−2 (blue), and HOMO−3 (purple); the final norm of the neutral wave function as a function of field strength (dashed black,
right axis).
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terms of the nodal structure of the highest occupied orbitals.
Depending on their orbital energy, lower-lying orbitals can also

contribute to the shape. For circularly polarized light, the shape
of the ionization yield as a function of the propagation direction
of the laser pulse can be explained by taking the results for
linear polarization and averaging them over 0−360° rotation
perpendicular to the direction of propagation.
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Figure 8. Angular-dependent ionization yield at an intensity of
1.44 × 1014 W cm−2 for (a) (S)-methyloxirane with right circularly
polarized light, (b) (R)-methyloxirane with right circularly polarized
light, (c) (S)-methyloxirane with left circularly polarized light, and
(d) (R)-methyloxirane with left circularly polarized light.

Figure 9. Angular-dependent ionization yield with right circularly
polarized light at an intensity of 1.44 × 1014 W cm−2 for (a) (S)-2-
vinyloxirane and (b) (R)-2-vinyloxirane.

Figure 7. Angular-dependent ionization yield of pyrazine for (a) linearly polarized light, (b) circular polarized light estimated from linearly polarized light,
and (c) circularly polarized light at an intensity of 0.56 × 1014 W cm−2; (d) HOMO, (e) HOMO−1, (f) HOMO−2, and (g) HOMO−3;
(h) orbital populations as a function of field strength for circularly polarized light propagating along the x, y, and z axes: HOMO (red), HOMO−1
(green), HOMO−2 (blue), and HOMO−3 (purple); the final norm of the neutral wave function as a function of field strength (dashed black, right axis).
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